The interaction of the monomeric chlorophyll Q band electronic transition with solvents of differing physical-chemical properties is investigated through two-dimensional electronic spectroscopy (2DES). Chlorophyll constitutes the key chromophore molecule in light harvesting complexes. It is well known that the surrounding protein in the light harvesting complex fine tunes chlorophyll electronic transitions to optimize energy transfer. Therefore an understanding of the influence of the environment on the monomeric chlorophyll electronic transitions is important. The Q band 2DES are inhomogeneous at early times, particularly in hydrogen bonding polar solvents, but also in nonpolar solvents like cyclohexane. Interestingly this inhomogeneity persists for long times, even up to the nanosecond timescale in some solvents. The reshaping of the 2DES occurs over multiple timescales and was assigned mainly to spectral diffusion. At early times the reshaping is Gaussianlike, hinting at a strong solvent reorganization effect. The temporal evolution of the 2DES response was analysed in terms of a Brownian oscillator model. The spectral densities underpinning the Brownian oscillator fitting were recovered for the different solvents. The absorption spectra and Stokes shift were also properly described by this model. The extent and nature of inhomogeneous broadening was a strong function of solvent, being larger in H-bonding and viscous media and smaller in nonpolar solvents. The fastest spectral reshaping components were assigned to solvent dynamics, modified by interactions with the solute.
INTRODUCTION
The spectroscopy and dynamics associated with the electronic transitions of chlorophyll molecules in light harvesting complexes and reaction centres is an active area of research. [1] [2] [3] The ultimate objective is to unravel the complex interactions underlying the robust and efficient conversion of absorbed solar radiation into chemical energy, with a view to developing more efficient biomimetic energy transduction devices. A key role in the spectroscopy of light harvesting complexes is played by excitonic coupling between chlorophyll molecules precisely oriented and positioned by the surrounding protein matrix. The complex couplings and energy transfer pathways which exist in these complexes are beginning to be resolved through the application of two-dimensional electronic spectroscopy (2DES), which is uniquely sensitive to intermolecular coupling and energy transfer between electronic states. Much interest has been generated by the observation of long lived coherences in the 2DES of light harvesting complexes, manifested as amplitude and phase oscillations, leading to the suggestion that such coherences may play a role in optimising energy transport, or at least act as an important probe of it. One of the difficulties in assigning the origin of oscillations in excitonically coupled chromophores has been in resolving them from oscillations due to intramolecular vibrational modes which are coupled to the molecular electronic transitions. A number of tools have been proposed to achieve this, including the distinct behaviour of the 2DES response either resolved into its rephasing and non-rephasing pathways or observed under different polarization conditions. [4] [5] This remains an active area of research, but it is undoubtedly true that, wherever possible, a study of the chromophore isolated in solution is a great aid in assigning intramolecular vibrational modes in 2DES; such measurements are reported below for chlorophyll a (Chl a).
Intermolecular excitonic coupling may also give rise to marked red or blue shifts in the electronic transition, which can be useful in inferring the existence of couplings and the geometry of the coupled chromophores. [6] [7] However, it is also established for chlorophyll molecules that the environment itself can also give rise to shifts in the electronic spectrum, even for monomeric species. 8 Different effects are observed for H-bonding and non-H-bonding solvents, solvents of different aromaticity and refractive index and, to a lesser extent polarity. These have been neatly summarized in a recent review. 8 A combination of these factors gives rise to quite marked shifts in the electronic spectra of chlorophylls when they are incorporated into a protein matrix. 3 How these protein-pigment interactions might modulate 2DES is not immediately clear, thus it is important to characterize the effect of the medium on the 2DES of chlorophylls, which is the main objective of the work described here.
A number of previous articles have probed the ultrafast dynamics Chl a in solution. Early work by Sundstrom and co-workers revealed spectral hole burning in the Qy transition of Chl a in pyridine solution, indicating inhomogeneous broadening of this electronic transition. 9 In addition, picosecond kinetics were observed in pyridine and methanol solutions which occurred in addition to excited state population decay.
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These sub-picosecond and picosecond dynamics were assigned to spectral diffusion and solvation dynamics, reflecting the interaction of solute and solvent. More recently Kobayashi and co-workers used extremely broadband ultrafast pulses in pump-probe experiments to observe wavepacket dynamics in the Qy band of Chl a in ether:propanol solution.
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They observed a number of vibrational modes coupled to the Qy electronic transition and involved in the modulation of the electronic absorption spectrum. Very recently, Wells et al. reported the first 2DES of monomeric Chl a in methanol. 12 These authors adapted the centre line slope method from 2D IR spectroscopy, based on a Kubo line-shape analysis, to characterise spectral diffusion dynamics on the tens of picoseconds timescale.
This work presents a significant extension of these previous works by: i) studying Chl a in a range of solvents and applying the physically more meaningful multimode Brownian oscillator analysis, which correctly accounts for both lineshape broadening as well as spectral Stokes shift; ii) exploiting the high time resolution of 2DES to assess the early spectral time evolution; iii) the vibrational coherences in Chl a are analysed through rephasing Fourier Transform amplitude maps. We find a significant solvent dependence in the extent of inhomogeneous broadening and in the dynamics of spectral diffusion which is assigned to specific solute solvent interactions. We also characterise the contribution of solvent modes to observed oscillations in 2DES.
EXPERIMENTAL
The spectrometer for 2DES measurements has been described in detail elsewhere. 13 It is based on a 10 kHz amplified Ti:sapphire laser pumping a NOPA which for these experiments was tuned to give sub 15 fs pulses centred at 660 nm with a bandwidth of 60 nm. The 2DES spectrometer was designed in the four beam boxcar geometry with the phase-stable beams generated by two beam splitters, and interpulse delays controlled by two precision delay stages, one mounted on a 0.1 µm resolution mechanical delay stage. The beams are modulated by a pair of synchronised choppers.
The arrangement of the chopper and delay sequences for fast acquisition of the 2DES signal while minimising scattered light and pump-probe contributions, and simultaneously recording the local oscillator and pump-probe spectra, are described in detail elsewhere. 13 The samples were prepared by dissolving Chl a (Alpha Laboratories) in a variety of spectroscopic grade solvents. Chl a in solution is known to exhibit both self-quenching and the formation of complexes and aggregates, all of which may perturb the electronic spectra. 14 To check for such effects measurements were made in 0.2 mm and 1 mm cells both with an OD of 0.3 at the maximum of the S0 S1 transition, thus varying the concentration by a factor of 5. The main features of the molecular response were independent of concentration confirming that we are studying monomeric Chl a.
RESULTS AND DISCUSSION a) 2DES Oscillatory Dynamics Figure 1a presents the 2DES spectrum of Chl a in methanol at a population time of T = 100 fs. Two striking features are the elongation along the diagonal, which points to a distribution of electronic transitions (inhomogeneity) and a cross peak below the diagonal. These features will be discussed in the next section but here another feature, not captured by a single spectrum, will be discussed. By stacking together a series of 2D spectra obtained for different population times (for the definition of delay times, see the scheme in Supporting Information, Figure S1 ), it is possible to observe oscillations for a given pair of excitation-detection frequencies as exemplified in Figure 1b detected. These compare well with the frequencies reported by Du et al. 11 In order to determine the oscillation amplitude distribution over the whole excitation-detection map, Fourier transform analysis is performed for each pair of excitation-detection frequencies. 15 Power spectra amplitude maps for the rephasing signal for the frequencies 255, 345 and 745 cm -1 are presented in Supporting Information, Figure S2 . As discussed recently, even though Feynman diagrams usefully point at specific regions in the 2D spectra where oscillations are to be expected, the oscillation amplitude distribution is a non-trivial function of excitation-detection frequencies. 15 As mentioned above, care has to be taken when working with solvents that have vibrational modes in the same region as the dissolved solute. For example, when cyclohexane was the solvent, we observed oscillations at ca 800 cm with an assignment to a Raman active solvent mode. This attribution was further confirmed through the observation that the frequency recovered was dependent on the solvent and that the same measurements in cyclohexane-h12 and cyclohexane-d12 recovered a shifted frequency consistent with the known isotope shift in the Raman spectrum (Supporting Information, Figure S4 ).
That such a solvent contribution is expected in measurements of a spectrally dispersed transient third order nonlinear optical response was reported previously by Ziegler and co-workers. 16 As they have shown, there is no net energy exchange between the applied field and the sample. As a result the solvent signal is expected to disappear when the pump-probe response is integrated over all detection frequencies. We have confirmed this prediction with a dilute porphyrin sample, which has the advantage of having its Q band electronic transition coupled to (mainly) a single low frequency vibration. 15 In this case, we compared the dilute porphyrin sample in toluene with the pure solvent response and recorded the integrated pump-probe response for both (detailed in Supporting Information, Figure S5 ). The effect of the integration is to remove the solvent Raman mode contributions. Thus, these observations show that, although solvent vibrational modes can make a significant contribution to the oscillatory response observed in 2DES, a number of means exist to distinguish them from the solute response, which is usually the one of most interest.
b) 2DES Reshaping
The 2D spectral evolution of Chl a in acetone is presented in Figure 2 . As has been described in detail elsewhere, these data result from measurements of the heterodyne detected third order nonlinear optical response function, measured as a function of two time delays, the coherence time (τ) between pulses 1 and 2 and the population (T) time between pulses 2 and 3 ( Figure S1 ). [17] [18] The ̅ 3 axis is obtained directly in the frequency domain by spectral interferometry and the ̅ 1 axis by a Fourier transform of the time domain data as a function of the coherence time. The resulting 2DES plot is then measured for a series of population times, as shown in Figure 2 . The data are dominated by the response associated with the Qy (S0(ν=0) S1(ν'=0)) electronic transition at 15100 cm -1 , and are elongated along the diagonal at early times. However, for increasing T the plot becomes more circular; such an evolution is characteristic of an initially inhomogeneously broadened frequency distribution which relaxes through a variety of mechanisms such as, for example, spectral diffusion. [19] [20] [21] A similar result was reported by Wells et al. for the 2DES of Chl a in methanol and related observations were reported from hole-burning measurements by Sundstrom and coworkers. 9, 12 The solvent dependence of spectral diffusion in Chl a will be investigated further below.
In addition to the dominant response associated with the Qy electronic transition a shoulder is observed in the 2D response at ( ̅ 1, ̅ 3) ≈ (15000, 14000). This component, which appears within 50 fs, correlates with the frequency of the first vibronic transition at ̅ ≈ 14000 cm -1 in the emission spectrum (green curve in Figure 1a ). This spectral region is covered by significant laser spectral intensity (blue curve, Figure 1a ). Thus we assign this response to a stimulated emission from the Qy (S1(ν'=0) S0(ν=1) ) vibronic transition. Figure 2 shows that as the population time increases the pure electronic response evolves from elliptical to more circular. In the limit of pure static inhomogeneous broadening the response would be spread along the diagonal, while in the opposite limit of a purely homogeneous lineshape a circular 2D plot would be recovered, and in both cases the response would be time independent. 21 Aggregated systems can display intermolecular electronic energy transfer, which can explain such a spectral reshaping. 3 However, this can be ruled out by the fact that Chl a, in nonaqueous solvents at concentrations below 100 µM, as used in this work, is present as a monomer. The observed temporal evolution from elliptically elongated towards circular in the present case thus indicates spectral diffusion, where fluctuations in the environment surrounding the solute give rise to changes in its electronic transition frequency. Thus, the temporal evolution reflected in the shape of the 2DES peak reveals the correlation function of the electronic transition frequency, which, in turn, correlates with fluctuations in the Chl a environment. Solvent dynamics are also manifested through the Stokes shift, clearly present in the 2D spectra shown in Figure 2 ; the central maximum shifts towards lower detection frequencies as T increases, due to a red shift in the stimulated emission. Such spectral diffusion has been analysed to recover the frequency-frequency correlation function (FFCF)
for vibrational transitions in 2DIR measurements and for electronic transitions by 2DES and by photo-echo peak-shift measurements. 12, [22] [23] To characterize spectral diffusion in Chl a in more detail we have measured 2D spectra as a function of T with a high density of data points out to several hundred picoseconds. As discussed before, there are different ways of quantifying the spectral evolution of 2D signals. 19 For example, the centre-line-slope (CLS), given by a linear fit to the maxima of the response at each detection frequency, has been favoured mainly by 2D IR spectroscopy groups. 22 Kwak et al showed that, after some assumptions and approximations, the CLS is directly proportional to the FFCF which is the fundamental physical quantity describing spectral diffusion, and which can be obtained by molecular dynamics simulations. 22 However, the assumptions employed in deriving the CLS might not work so well for 2DES and therefore we report another quantity, proposed by Lazonder et al, which is the ellipticity of the 2D spectra. 24 Lazonder and Tokmakoff showed that this quantity is identical to the FFCF. 19, 24 The ellipticity can be determined by measuring the 2D spectrum diagonal and antidiagonal full width at half maxima (D and A, respectively) and then calculating the ratio (D ). The resulting ellipticity, determined for our measured data, is plotted for four representative solvents in Figure 3 , grouped according to contrasting polarity (acetone and cyclohexane), H-bonding (acetone and methanol) and viscosity (acetone and ethylene glycol). Immediately apparent is a strong time dependence of the ellipticity and, therefore, the FFCF on the physical-chemical properties of the solvent. Qualitatively, the spectral diffusion becomes much slower in the viscous polar H-bonding solvent ethylene glycol (EG), compared to the fluid solvents methanol (MeOH) and acetone (AC). In the non-polar solvent cyclohexane (Cyh) the initial response is more circular than for all the other solvents, i.e. the initial distribution of transition frequencies is more homogeneous. In addition, the temporal evolution towards the final circular response is much faster and more complete than for any of the polar solvents. Among the polar solvents studied neither the presence of H-bonding nor the value of the dielectric constant has an obvious effect on the correlation function. Thus, these qualitative considerations already reveal a significant dependence of the rate of spectral diffusion in Chl a on the medium.
To put this analysis on a more quantitative footing we use a phenomenological model of the 2DES response utilising Brownian oscillators (BOs) for the spectral density. The signal field in the third order experiment arises from a convolution of eight third order material response functions with the electric fields of the three excitation pulses. 15, 18, 25 Modelling of the experimental data that result requires calculation of these response functions, which can in-turn be obtained from the lineshape function:
in which C(ω) is the spectral density, here represented by a sum of overdamped BOs, COD(ω):
where λ is a coupling strength and Λ the inverse correlation time, and/or by a Gaussian correlation function
where ωg is the Gaussian spectral density central frequency. Utilising (1) - (3) the four response functions required to fit the signal from an electronic two level system (i.e. ignoring the much smaller contribution for the vibronic response which would require additional underdampled BOs) are readily calculated. Finally using the λ, Λ and ωg as fitting parameters we simultaneously fit the linear absorption spectrum:
where ωeg is the S0 S1 transition frequency, and the 2DES are obtained through the expression:
where R . We found that there was no significant contribution to the spectral reshaping by including this term probably because the laser spectrum did not cover this absorption peak. A closer inspection of the initial evolution of the ellipticity (Figure 4b ) clearly shows a Gaussian-like relaxation. Therefore, replacing the most highly damped BO with a Gaussian function (Equation 3) resulted in an improved fit at early times (Table   S1b ). The Stokes shift is also well captured by this analysis, as shown in Figure 4b . Figure 5 presents the recovered spectral densities, corresponding to equations 2 and 3, plotted for each of the five solvents studied.
The most striking result from this analysis is the extent of residual inhomogeneous broadening even after several hundred picoseconds of relaxation in all polar solvents. This is represented by the lowest frequency response in Figure 5 (peak centred at 0.004 cm -1 , corresponding to a frequency of 0.12 GHz), where a relaxation time longer than the accessible time range in our experiment (i.e. >1 nanosecond) was assumed (Tables S1). This result is in sharp contrast to, for example, a substituted porphyrin in methanol where the relaxation is essentially complete in <10 ps, but it does agree with the observation of 2DES for Chl a in methanol, where a long lived inhomogeneity was also reported. 12 The residual inhomogeneity is largest for the viscous polar H-bonding EG, but very small for the fluid nonpolar cyclohexane. This component is of lower weight in the polar H-bonding MeOH than in EG and reduces still further in the non-H-bonding polar solvents AC and acetonitrile (ACN) (see Figure   5 ). These data suggest that there are specific features in EG which promotes inhomogeneous broadening. These could include its relatively high viscosity and diol character. We speculate that in EG there is slow (viscosity dependent) exchange between H-bonding structures around the carbonyls associated with the π-delocalised ring, or associated with ligation of the central Mg + ion. However, in all solvents a degree of inhomogeneity exists in the ground state population that persists on the nanosecond time scale. On the basis of Figure 5 , it appears that inhomogeneity is promoted by Hbonding and, to a lesser extent, polarity.
All solvents contribute a high frequency BO to the spectral diffusion, peaking at or above 50 cm -1 in the spectral density ( Figure 5 ). This can be traced to fast dynamics in the solvent. Such high frequency dynamics have been characterised in optical Kerr effect (OKE) studies for numerous pure liquids, including the specific solvents used here. [26] [27] [28] [29] The physical origin of this fast response is the non-diffusive librational motion of the molecule in a cage of its neighbours. 30 The role of this contribution is further corroborated by the Gaussian relaxation measured at early times, which is typical of librational dynamics observed in OKE and photon echo studies. [31] [32] It has been shown in the past that non-diffusive librational motion contributes significantly to solvation dynamics measured from the rate of the Stokes shift in time-resolved fluorescence, and the FFCF recovered from three-pulse-echo peak-shift measurements. [32] [33] [34] Thus, the appearance of this component in the 2DES spectral reshaping is expected and can, therefore, be reliably related to solvent dynamics. All of the polar solvents also exhibit additional relaxation on the picosecond and tens of picoseconds time scale. The pure liquids also exhibit such picosecond dynamics due to diffusive orientational motion, which is well characterised in both OKE measurements mentioned above and in observations of dielectric relaxation. [35] [36] However, there is no simple one-to-one correspondence between the BO damping times recovered here (Table S1 ) and the measured dielectric relaxation of the pure solvents. We suggest that the times recovered from the fits reflect the dynamics of the liquid in the presence of the multiple possible solvent-solute interactions presented by the amphiphilic Chl a solute.
CONCLUSIONS
The solvent dependence of the 2DES spectra for Chl a in a range of polar and nonpolar solvents have been investigated. For sub-picosecond population times oscillatory dynamics are observed. In some cases these were found across the 2D map and were assigned to solvent modes, which was Stokes shift (1000 cm 
